Background Cost-effective use of biologicals is important. As drug concentrations have been linked to clinical outcomes, monitoring drug concentrations is a valuable tool to guide clinical decision-making. A concentration-response relationship for ustekinumab at trough is uncertain owing to the contradictory results reported. Objectives To investigate the relationship between 4-week postinjection ustekinumab concentrations and clinical response in patients with psoriasis. Methods Forty-nine patients with moderate-to-severe psoriasis treated with 45 mg or 90 mg ustekinumab every 12 weeks for ≥ 16 weeks were included. Ustekinumab serum concentrations and anti-ustekinumab antibodies were measured at week 4 after injection and disease severity was assessed by Psoriasis Area and Severity Index (PASI). Results At week 4 after injection, a significantly negative correlation was observed between ustekinumab concentrations and absolute PASI score up to 5Á9 lg mL
Background Cost-effective use of biologicals is important. As drug concentrations have been linked to clinical outcomes, monitoring drug concentrations is a valuable tool to guide clinical decision-making. A concentration-response relationship for ustekinumab at trough is uncertain owing to the contradictory results reported. Objectives To investigate the relationship between 4-week postinjection ustekinumab concentrations and clinical response in patients with psoriasis. Methods Forty-nine patients with moderate-to-severe psoriasis treated with 45 mg or 90 mg ustekinumab every 12 weeks for ≥ 16 weeks were included. Ustekinumab serum concentrations and anti-ustekinumab antibodies were measured at week 4 after injection and disease severity was assessed by Psoriasis Area and Severity Index (PASI). Results At week 4 after injection, a significantly negative correlation was observed between ustekinumab concentrations and absolute PASI score up to 5Á9 lg mL À1 (q = -0Á357, P = 0Á032). Ustekinumab concentrations were higher in optimal responders (PASI ≤ 2) than in suboptimal responders (PASI > 2) (4Á0 vs 2Á8 lg mL À1 , P = 0Á036). The ustekinumab concentration threshold associated with optimal response was determined to be 3Á6 lg mL À1 (area under the curve 0Á71, sensitivity 86%, specificity 63%). Only one patient (2%) had anti-ustekinumab antibodies. Psoriatic arthritis was identified as an independent predictor of higher PASI scores and higher ustekinumab concentrations (P = 0Á003 and P = 0Á048, respectively).
Conclusions A concentration-response relationship at week 4 after injection was observed for patients with psoriasis treated with ustekinumab. Monitoring 4-week postinjection ustekinumab concentrations could timely identify underexposed patients who might benefit from treatment optimization.
What does this study add?
• A concentration-response relationship at week 4 after injection for ustekinumabtreated patients with psoriasis was demonstrated.
• Monitoring 4-week postinjection ustekinumab concentrations could timely identify underexposed patients who might benefit from treatment optimization.
• Based on the findings of this study, a treatment algorithm for patients with a suboptimal response is proposed.
The treatment of psoriasis has dramatically improved with the introduction of biologicals targeting key players in this immune-mediated inflammatory skin disease, including tumour necrosis factor-a, interleukin (IL)-12/23 and IL-17A. Over the years, more biologicals blocking these crucial cytokines have entered the market and even more are yet to come. 1 As physicians have numerous biologicals to choose from, prematurely switching to another drug in case of insufficient response rather than optimizing the current treatment is occurring more frequently, resulting in inefficient use of biologicals. As biologicals constitute a major healthcare expenditure in many countries, cost-effective use of these drugs is becoming increasingly important. 2 Ustekinumab, a monoclonal antibody directed against the common p40 subunit of IL-12 and IL-23, has shown efficacy in the treatment of moderate-to-severe psoriasis in the pivotal PHOENIX trials. [3] [4] [5] Nevertheless, some patients do not respond to ustekinumab treatment or stop responding over time, while others achieve and maintain an optimal response. 6, 7 Nowadays, physicians mainly rely on clinical assessment for the management of psoriasis and adhere to standard dosing regimens. However, the one-size-fits-all treatment principle is outdated and the focus is shifting towards a more personalized approach. Therapeutic drug monitoring -the measurement of drug concentrations -can serve as a tool to guide physicians in clinical decision-making. 8 When a concentration-response relationship is present, monitoring drug concentrations could identify under-and overexposed patients who might benefit from treatment optimization. Multiple studies have shown a correlation between serum trough -the drug concentration just before the next drug administration -and clinical response in adalimumab-treated patients with psoriasis. 9, 10 However, for ustekinumab, the presence of a concentration-response relationship at trough is still debated owing to the contradictory results that have been reported. [11] [12] [13] [14] The mean AE SD steady-state trough serum ustekinumab concentration is stated to be 0Á69 AE 0Á69 lg mL À1 and 0Á74 AE 0Á78 lg mL À1 for patients with psoriasis receiving 45 and 90 mg, respectively. 15 These low values and high variability might hamper the clear distinction between responders and nonresponders in a small cohort. Measuring at 4 weeks postinjection instead of at trough, with the consequently higher ustekinumab concentrations, may be a better time point at which to see a clear concentration-response relationship. Several patient-and treatment-related factors have been proposed to influence drug concentrations and treatment outcomes. In adalimumab-and infliximab-treated patients with psoriasis, antidrug antibodies have been associated with lower drug concentrations and a decreased treatment response. [16] [17] [18] Furthermore, patients with psoriasis who previously received biologicals or who have a high body mass index (BMI) are more likely to have a worse clinical outcome. 19, 20 However, which factors exactly influence the drug concentration and clinical response in ustekinumab-treated patients with psoriasis remain underexplored.
The presence of a concentration-response relationship for ustekinumab at trough is uncertain and the potential of monitoring 4-week postinjection ustekinumab concentrations in patients with psoriasis has not yet been extensively examined. Therefore, the first aim of this study was to investigate the relationship between ustekinumab concentrations at week 4 after injection and clinical response in a cohort of 49 patients with moderate-to-severe psoriasis treated with ustekinumab. The second aim was to identify patient-and treatment-related factors influencing ustekinumab concentration and response.
Patients and methods

Study design and patients
This cross-sectional study was conducted between December 2014 and April 2015 at Ghent University Hospital, Ghent, Belgium, in accordance with the ethical principles of the Declaration of Helsinki. The local ethics committee approved the study and all patients provided written informed consent (B670201523359). Patients with moderate-to-severe plaque psoriasis who were at least 18 years old and treated with ustekinumab for ≥16 weeks were included. Using a weight-based dosing regimen, patients received ustekinumab subcutaneously at a dose of 45 mg (< 100 kg body weight) or 90 mg (≥ 100 kg body weight) at week 0, week 4 and every 12 weeks from week 4 onwards. Serum samples were prospectively collected 4 weeks [median 28 days, interquartile range (IQR) 27-29, range 23-59] after injection during maintenance and stored at -20°C.
Outcomes and variables
Disease activity was assessed with absolute Psoriasis Area and Severity Index (PASI) at the time of serum sampling and defined as excellent (PASI ≤1), optimal (PASI ≤ 2) or suboptimal (PASI > 2) response. Clinical improvement was defined as a relative improvement in PASI score with respect to baseline (ΔPASI). Absolute PASI ≤ 2 has been shown to correspond to ΔPASI 90. 21 Patient characteristics [sex, age, age of psoriasis onset, disease duration, BMI, smoking status, co-occurrence of psoriatic arthritis (PsA), previous biological use, disease severity at initiation of ustekinumab therapy (PASI baseline)] and treatment characteristics (ustekinumab treatment duration, ustekinumab dosage and concomitant use of methotrexate) were collected at study entry.
Ustekinumab concentration measurements
Ustekinumab serum concentrations were determined using an in-house developed enzyme-linked immunosorbent assay. Using a sandwich format, ustekinumab is captured between the anti-ustekinumab monoclonal antibody MA-UST56A2D11 and biotinylated MA-UST56C1H12 as the detection antibody. 22 This assay allows quantification of ustekinumab concentrations ranging from 0Á25 lg mL À1 to 64 lg mL À1 and has been shown to be comparable with the ustekinumab assay of Janssen R&D in terms of specificity, selectivity, accuracy and precision. 23 
Anti-ustekinumab antibody concentrations measurements
When the ustekinumab concentration was < 1 lg mL
À1
, antiustekinumab antibodies were quantified by means of a drug-sensitive bridging assay. Briefly, ustekinumab is used as capture and detection antibody and MA-UST37F12 as calibrator, as described by Verstockt et al. 22 All anti-ustekinumab antibody concentrations were expressed in ng mL À1 MA-UST37F12 equivalents. When samples were anti-ustekinumab antibody positive using a drug-sensitive assay, samples were additionally analysed using a drug-tolerant assay, as described by Verstockt et al.
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Data analysis
Depending on the research question asked, data analysis was performed on all patients or a subset of patients. Treatment response rates, the concentration-response relationship and a drug concentration cut-off for clinical response at week 4 after injection were determined in patients who had been on treatment for at least 28 weeks (steady state) and from whom serum samples were collected within 5 days of week 4 after injection during maintenance (n = 38). Evaluation of immunogenicity and identification of confounding factors influencing drug concentration and clinical response was performed in all patients (n = 49).
Statistics
For continuous variables, values are given as median with IQR, and percentages were used for discrete variables. Spearman's rank correlation coefficient (q) was used to investigate the relationship between two continuous variables. Unpaired data were analysed using the Mann-Whitney U-test for continuous variables and the v 2 -test or v 2 -trend test for categorical variables. Receiver-operator characteristic (ROC) curve analysis was performed to identify a cut-off for optimal response. A cut-off was chosen based on the performance of the Youden J statistic. Stepwise forward addition-backward elimination binary linear regression modelling was performed to identify independent predictors of ustekinumab concentration and clinical response. Final model selection was based on the most optimal second-order Akaike information criterion. A twotailed P-value < 0Á05 was considered significant. All statistical analyses were performed with GraphPad Prism 7Á0 (GraphPad Software, San Diego, CA, U.S.A.) or R version 3Á5Á1 (R Development Core Team, Vienna, Austria).
Results
Patient characteristics
Fifty-five ustekinumab-treated patients with psoriasis were enrolled, of whom six were excluded from analyses owing to temporary treatment interruption or the absence of PASI score at the time of sampling. The final cohort included 49 patients with psoriasis (73% male) with a median age of 52 years (IQR 41-59) ( 
Treatment response rates
At week 4 after injection, patients had a median absolute PASI score of 1Á4 (IQR 0Á0-3Á0) ( Table 2 ). Twenty-one (55%) of 38 patients reached a ΔPASI score of 90 and 11 (29%) had a complete clinical improvement. When considering absolute PASI, 24 (63%) patients were optimal responders (PASI ≤ 2), of whom 14 showed an excellent response (PASI ≤ 1).
Relationship between 4-week postinjection ustekinumab concentrations and clinical response
In this cohort, the median ustekinumab concentration at week 4 after injection was 3Á3 lg mL À1 (IQR 2Á6-4Á2). A significantly negative correlation was observed between ustekinumab concentrations and absolute PASI scores up to 5Á9 lg mL
À1
(q = -0Á357, P = 0Á032) (Fig. 1a) . Above this concentration, an increase in ustekinumab concentration no longer correlated with a decrease in absolute PASI score. Additionally, ustekinumab concentrations were positively correlated with ΔPASI (q = 0Á377, P = 0Á024), (Fig. 1b) up to 5Á9 lg mL À1 , indicating that patients with higher serum ustekinumab concentrations respond better to treatment. When patients were grouped based on absolute PASI, ustekinumab concentrations were higher in patients with an optimal response (PASI ≤ 2) than in patients with a suboptimal response (PASI > 2) (4Á0 lg mL À1 vs 2Á8 lg mL À1 ; P = 0Á036) (Fig. 2a) . Also, when considering a more stringent PASI cut-off, patients with PASI ≤ 1 exhibited significantly higher ustekinumab concentrations compared with patients with PASI > 1 (data not shown). Quartile analysis of ustekinumab concentrations demonstrated higher percentages of patients achieving an optimal response (PASI ≤ 2) in the higher ustekinumab concentration quartiles than in the lower ustekinumab quartiles (P = 0Á039; Fig. 2b ), revealing the presence of a concentration-response relationship at 4 weeks postinjection.
Defining an ustekinumab cut-off for optimal clinical response
In order to identify an ustekinumab concentration cut-off at week 4 after injection for the optimal clinical response (PASI ≤ 2), ROC curve analysis was performed (Fig. 3a) . The best ROC curve (area under the curve 0Á71, sensitivity 86%, specificity 63%; P = 0Á036) indicated an optimal ustekinumab concentration cut-off of 3Á6 lg mL À1 associated with a positive predictive value and negative predictive value of 88% [95% confidence interval (CI) 67-97] and 57% (95% CI 43-70), respectively. Consequently, when patients are divided based on this threshold, significantly more patients (88%) with an ustekinumab concentration ≥ 3Á6 lg mL À1 had an optimal response (PASI ≤ 2) compared with patients with an ustekinumab concentration < 3Á6 lg mL À1 (43%; P = 0Á004) (Fig. 3b) .
Immunogenicity of ustekinumab
Only one patient (2%) had undetectable ustekinumab concentrations and was found to be positive for anti-ustekinumab antibodies at an intermediate time point using a drug-sensitive assay. Further analyses revealed that this patient also did not have detectable ustekinumab concentrations before the previous and next ustekinumab injection and was anti-ustekinumab antibody positive at these time points (Table 3) . Additionally, the application of a drug-tolerant anti-ustekinumab antibody assay on these samples revealed higher antibody titres. When anti-ustekinumab antibodies were present, the PASI score increased from 6Á3 to 13Á4 within 12 weeks, demonstrating the impact of antibodies on treatment response. (a) (b)
Correlation between ustekinumab serum concentration at week 4 after injection and (a) absolute Psoriasis Area and Severity Index (PASI) score (Spearman's q = -0Á357, P = 0Á032) or (b) ΔPASI (Spearman's q = -0Á377, P = 0Á024). Only patients treated with ustekinumab for ≥ 28 weeks (steady state) and samples collected at week 4 AE 5 days after injection were included (n = 38).
Patient-and treatment-related factors influencing ustekinumab concentration or clinical response
Univariate analysis was performed to identify confounding factors influencing ustekinumab concentration or clinical response. No significant effect of age, weight, BMI, prior biological treatment, treatment duration, disease duration, PASI score at baseline, age of psoriasis onset, smoking, concomitant methotrexate use or drug dose was observed on ustekinumab concentration or absolute PASI score.
When evaluating 4-week postinjection ustekinumab concentrations in patients grouped based on sex, significantly higher values were noted in men compared with women (3Á4 lg mL À1 vs 2Á3 lg mL À1 ; P = 0Á023) (Fig. 4a) . However, men and women did not significantly differ in absolute PASI score (P = 0Á298; Fig. 4b ). Multivariate analysis revealed that the effect of male sex on ustekinumab concentration disappeared when adjusting for the age of onset of psoriasis and having PsA (Table S1 ; see Supporting Information). Only patients treated with ustekinumab for ≥ 28 weeks (steady state) and samples collected at week 4 AE 5 days after injection were included (n = 38). *P < 0Á05.
(a) (b) Percentage of patients with an optimal response based on the ustekinumab concentration threshold of 3Á6 lg mL À1 (P = 0Á004). Only patients treated with ustekinumab for ≥ 28 weeks (steady state) and samples collected at week 4 AE 5 days after injection were included (n = 38). **P < 0Á01. A trend was observed towards higher absolute PASI scores at 4 weeks postinjection, but not at baseline, in patients with PsA vs patients without PsA (3Á0 vs 1Á2, respectively; P = 0Á066) (Fig. 4c) . However, in these patients with PsA, 4-week post injection ustekinumab concentrations were slightly higher, but not significantly so (4Á0 lg mL À1 vs 3Á4 lg mL À1 ; P = 0Á193 (Fig. 4d) . Through multivariate analysis, having PsA was identified as an independent predictor of a higher 4-week postinjection PASI score and higher ustekinumab concentrations (P = 0Á003 and P = 0Á048; Table S1 ).
Discussion
To this day, owing to the contradictory results reported, no consensus has been reached regarding the presence of a concentration-response relationship for ustekinumab and the usefulness of monitoring ustekinumab concentrations. Two independent research groups did not observe a correlation between ustekinumab concentrations at trough and clinical response. 11, 12 In contrast, two other studies could distinguish responders from nonresponders based on the ustekinumab trough concentration; one Spanish group made a similar observation at 6 weeks postinjection. [12] [13] [14] For therapeutic drug monitoring of ustekinumab to be effective and implemented into clinical practice, physicians should know at which time point to measure ustekinumab concentrations and how to interpret the results. This study aimed to investigate the relationship between 4-week postinjection ustekinumab concentrations and clinical response in patients with moderate-to-severe psoriasis. A negative correlation was observed between ustekinumab concentrations measured 4 weeks after injection and absolute PASI score, revealing that patients with higher serum ustekinumab concentrations respond better to treatment. Moreover, 4-week postinjection ustekinumab concentrations were considerably higher in optimal responders than in suboptimal responders and 3Á6 lg mL À1 was determined to be the ustekinumab concentration threshold associated with optimal response. In accordance with the findings of Toro-Montecinos et al., these results reveal the presence of a concentration-response relationship for ustekinumab at 4 weeks postinjection and demonstrate the usefulness of monitoring ustekinumab concentrations.
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Measuring drug concentrations at 4 weeks postinjection has the advantage that drug concentration results are known early enough to allow treatment optimization. Monitoring 4-week postinjection ustekinumab concentrations can be facilitated by means of dried blood spot (DBS) sampling, in which a blood drop is obtained on a protein saver card after a small finger prick. The patient can perform this at home and send the DBS card by regular mail to the hospital, where the drug concentration can be measured. The feasibility of monitoring biologicals through DBS has already been established for golimumab, adalimumab and ustekinumab. [24] [25] [26] In line with immunogenicity rates of ustekinumab seen in clinical trials, only one patient (2%) had anti-ustekinumab antibodies in this cohort. 3, 4 Ustekinumab concentrations were undetectable in this patient and once the anti-ustekinumab antibodies were present, the PASI score increased dramatically, indicating that although the immunogenicity of ustekinumab is low, anti-ustekinumab antibodies can have a significant impact on treatment response. PsA was identified as an independent predictor of higher PASI scores and higher ustekinumab concentrations. Although ustekinumab is approved for both psoriasis and PsA and baseline PASI scores between those groups did not differ in this cohort, patients having both diseases might have a higher disease burden that is not fully captured by PASI score. , n = 36) vs women (2Á3 lg mL À1 , n = 13; P = Subsequently, the minimal effective concentration of ustekinumab for patients with psoriasis suffering from PsA might be higher and biologicals targeting other key players in the immune-mediated disease might be more appropriate to treat two diseases at once. Interestingly, all patients with an ustekinumab concentration higher than the threshold of 3Á6 lg mL À1 who did not reach an optimal clinical response were patients with PsA. If these patients are eliminated from the analysis, a positive predictive value of 100% for the cut-off of 3Á6 lg mL À1 was seen.
Biologicals remain to be a major healthcare expenditure in many countries and pose a considerable burden on the healthcare budget. 2 Therefore, a rational evidence-based strategy is needed so that clinicians can optimize treatment in a patient losing response and avoid inefficient use of biologicals. Based on the findings of this study, the following treatment algorithm is proposed (Fig. 5) . This study represents a real-life clinical practice cohort including a mixture of patients treated with either 45 or 90 mg during maintenance. A major strength is the use of a validated assay to measure ustekinumab concentrations, which has shown to be comparable with the Janssen R&D assay. 23 This assay is currently being converted into a CE-labelled kit (apDia) and will soon be available. Limitations of the study include the small sample size and the cross-sectional study design. The upper limit of ustekinumab concentrations above which no extra benefit is expected could not be established in this cohort and therefore a treatment algorithm for potentially overtreated patients could not be established. Furthermore, the threshold of 3Á6 lg mL À1 that was identified has a negative predictive value of 57%, indicating that there are some patients who have an optimal response despite having drug concentrations below the threshold. Consequently, only reactive therapeutic drug monitoring in which 4-week postinjection ustekinumab concentrations are measured in patients with a suboptimal response is justified using this drug concentration cut-off. To conclude, monitoring 4-week postinjection ustekinumab concentrations could help in the management of patients with psoriasis by timely identifying patients who are underexposed and could benefit from increased dosing or dosing frequency. For patients with psoriasis suffering from PsA, the therapeutic window of ustekinumab may be higher and alternative biologicals may be more appropriate to treat two diseases at once. As anti-ustekinumab antibodies are rare, measurement should only be considered in patients with an insufficient clinical response and undetectable drug concentrations. Comparator trials are needed to confirm the clinical and economic value of monitoring 4-week postinjection ustekinumab concentrations and subsequent treatment optimization.
